In this contribution, we report on a novel hybrid laser-plasma method for material processing applications. This method is based on the combination of both an ArF excimer laser (λ = 193 nm) and a low-temperature atmospheric pressure plasma jet source for the chemical reduction of glass surfaces. Here, a hydrogen-containing plasma gas was applied. Due to the layer of silicon suboxide that is generated in this vein, the absorption of the incoming machining laser beam is significantly increased after 15 minutes of plasma-treatment. Several machining experiments in terms of frontside ablation were performed on fused silica. Here, both pure and plasma-treated surfaces were ablated using single laser pulses with a pulse duration of 20 ns. By introducing the presented hybrid technique, the ablation threshold for micro-structuring was reduced significantly by a factor of 4.6 whereas the peak-to-valley height Rz of the machined area was decreased by a factor of 2.3. Further, back-side ablation using the presented method was considered. By a terminal tempering process, the initial transmission characteristics of fused silica can be reconstituted.
Introduction
Due to its specific properties, fused silica is a wellestablished and suitable optical medium for the production of a variety of optical components such as UV-transparent optics, semiconductor devices and integrated micro-optical elements. Regarding laser based methods for the manufacture of such components, material removal of fused silica and glasses in general can be achieved by several techniques such as laser ablation using UV-, IR-or NIR-laser radiation [1] [2] [3] , or laser induced backside wet etching [4, 5] . Further, laser induced etching techniques introducing UVabsorbing films such as toluene [6] and carbon [7] or laser induced plasma-assisted ablation [8] can be applied. Beyond, an indirect processing method of fused silica surfaces consists of the vacuum deposition and laser structuring of UV-absorbing silicon suboxide layers (SiO X ) and their subsequent oxidation to SiO 2 [9] . Also, since fused silica consists of pure silicon dioxide (SiO 2 ), its surface can be directly reduced to silicon suboxide (SiO X , where 1<X<2) or silicon monoxide (SiO) by applying hydrogenous gases at high temperatures [10] .
The presented hybrid laser-plasma removal method is based on the surface reduction of fused silica by a lowtemperature atmospheric pressure plasma and a subsequent laser ablation. To our best knowledge, this is the first work on surface processing of fused silica using such a plasma source. In contrast to the pulsed laser deposition method (PLD) [11] or the deposition of metastable silicon suboxide by vacuum evaporation [9] , the introduced plasma generates atomic hydrogen from the used forming gas which directly generates a suboxidal layer onto the fused silica substrate. This effect allows a significant decrease in required energy for laser ablation of fused silica.
Experimental setup and experimentation
For the plasma-treatment of the investigated 2 mmthick fused silica samples, a low-temperature potential-free atmospheric pressure plasma jet "kinpen 09" from neoplas tools GmbH was applied. The plasma source was directed perpendicular onto the sample's surface. During the plasma-treatment, the samples were moved by a xy-linear stage. The working distance of the plasma jet nozzle to the fused silica surface was 1 mm. In order to initialise the reduction process, forming gas 90/10 (consisting of 90% nitrogen and 10% hydrogen) was used as working gas. The treatment time at each point of the sample surface was varied in the range from 0 to 15 minutes with a gas flow rate of 25 slm. After 5 and 15 minutes, transmission spectra (including reflexion losses) were taken in order to verify the reduction progress with respect to a pure fused silica sample.
The subsequent laser ablation was performed after a maximum plasma-treatment duration of 15 minutes using an ArF excimer laser "LPX 315" from Lambda Physik (λ = 193 nm). By an optical setup, consisting of two convex lenses (f 1 = 750 mm, f 2 = 100 mm), a mask imaging was realised in order to image a diaphragm on the fused silica sample's surface as shown in figure 1. The aperture of this diaphragm was 3 mm. The demagnification was about 15-times, leading to an irradiated spot of about 200 µm in diameter on the front-side of the sample. In addition to this standard front-side configuration, some experiments in the back-side configuration (where the beam passes through the sample and the image plane is on the back-side [1] ) have been carried out.
In order to investigate the influence of the plasmatreatment on the machining properties of the fused silica surface, the fluence threshold Φ min for substrate ablation of both treated and untreated reference surfaces was determined by applying a series of single laser pulses with increasing energy. The pulse duration t was 20 ns. Following, ablation experiments were performed just above the particular ablation threshold.
Results and discussion
By applying the plasma-treatment, the transmission of the investigated fused silica samples was reduced significantly as shown in figure 2. In comparison to a pure fused silica sample, the transmission at the wavelength of the used laser of 193 nm was reduced by a total percental value of 5.8% after 5 minutes and 14.1% after 15 minutes plasma-treatment.
For front-side ablation of pure fused silica using a single laser pulse with a pulse duration of t = 20 ns, an ablation threshold of 6 J/cm² was determined. In comparison, the plasma-treated surfaces show a significant decrease in required fluence for ablation due to the increased absorbance by means of the reducing-acting forming gas. Here, front-side ablation was already achieved at a fluence of 1.3 J/cm². Hence, the ablation threshold was reduced by a factor of 4.6 by applying the plasma-treatment. Furthermore, disturbing effects such as micro-cracks and melt are avoided in this vein. The resulting geometry was measured using a confocal scanning microscope "PLµ2300" from Sensofar as shown in figure 3. In addition to the above-mentioned reduction of ablation threshold, the peak-to-valley height Rz of the plasmatreated machined area (Rz =34.7 nm) is reduced by a factor of 2.3 with respect to pure laser ablated fused silica, where Rz = 79.8 nm. As shown in figure 4 , in the case of the plasma-treated surface. the complete irradiated spot of about 200 µm diameter is ablated with a smooth surface and perfect contour accuracy according to the mask diaphragm. In contrast, for the untreated surface, the ablated area looks quite porous and does not fill the complete irradiated spot. In comparison to pure laser ablation, a lower ablation depth is achieved by the presented laser-plasma hybrid method. However, this enables precise control of the ablation profile by fine adjustment of the fluence.
Furthermore, a comparison of both front-side and backside ablation of plasma-treated fused silica surfaces was carried out. Whereas single pulse back-side ablation of untreated samples is not possible with this setup, because ablation starts already at the front-side at the required high fluence, for single-pulse back-side ablation of plasmatreated samples at 1.3 J/cm², a higher removal rate was observed. Figure 5 shows both an isometric projection and cross-section of an ablated spot at the back-side of the sample. Compared to front-side ablation, where the depth of ablation d was 45 nm, the depth of ablation was increased by a factor of 3.9 in the case of single-pulse back-side ablation at a fluence of 1.3 J/cm² (d = 175 nm). Comparable increases were also found for higher fluences as shown by the corresponding ablation depths in figure 6. In addition, for back-side ablation, the peak-to-valley height Rz of 14.5 nm is 2.4 times lower in comparison to single-pulse front-side ablation at a fluence of 1.3 J/cm². Such significant differences in front-and back-side ablation were already observed in previous work and could be explained by the attenuation of the ablating laser pulse by the plume of the removed material, which is only effective for front side irradiation [1] . In the case of ablation at higher number of pulses, the ablation depth increased linearly. When applying 35 laser pulses at 2.4 J/cm², an ablation depth of approx. 11 µm was achieved, still featuring good machining quality.
After the micro-structuring, the transmission can be increased by a tempering process. For this purpose, the sample was tempered at 1000°C in air for inducing a reoxidisation of the plasma-treated layer. As shown in figure 7, the transmission at λ = 193 nm amounts to 83.8% after 24 hours and 86.8% after 48 hours of tempering. In comparison, a transmission of 88.4% at λ = 193 nm was measured for the pure, untreated fused silica sample at the beginning. Thus, almost the initial transmission characteristics can be reconstituted in this vein.
Conclusion
In terms of front-side ablation, the presented hybrid laser-plasma micro-structuring method allows a significant decrease of required fluence for ablation of fused silica by a factor of 4.6. In addition, a significant enhancement of the contour accuracy of the imaged mask was observed. Further, the resulting peak-to-valley height Rz of the machined area is reduced by a factor of 2.3. The depth of ablation is reduced by 20% in the case of laser-plasma singlepulse ablation.
The resulting surface roughness was furthermore reduced by applying back-side ablation. Here, a higher removal rate was obtained additionally.
By a terminal tempering, the plasma-treated samples can be re-oxidised, almost resulting in the initial transmission characteristics. Thus, this technique offers a novel and economic alternative for the manufacture of high-precision micro-structures in fused silica substrates. Further improvement could be achieved by introducing a laser beam homogeniser to the presented optical setup.
